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Ultrasonic Nondifbcting Transducer for Medical 
Imaging 

JIAN-YU LU. MEMBER.  It.tTt. A N D  JAMES F. GREENLEAF. I:RLI.OW. ICER 

Abstmcr-&~torically, tyansducers havinj: Gaussiaa shading and 
Fresnel shaped voltage drives on an array of sllnular elenlents have 
k n  uved for medical imaging of the highest qualily. These trans- 
ducers have good rocus within the depth of field rod smooth near field 
patterns. Outside of the depth of field the focus degrades wilh 
diffraction effects. Nnndiffrarlinp, solulisns to thc wave cquotinn gov- 
erning propagation in tissues (Ihe Xalar Helmhnlv~ eequalionl bare re- 
cently been discovered and extensively tested on cleelromagt~etic wavcs. 
Very little work has heen done with nnndiffractiog llesms in acoustics 
and none in medical imsginp. A sludy of these methods for ntsdical 
imaging is repxled. Computer aimulslinns snd experimeolal results 
Fc>r a ten-ring annular Bessel shaded transducer are described. Both 
CW and pulse rave results are shorn and compared to ronvenlin~~al 
Gausshn heams. The nlbndiffracling beam has nhout 1.37-mm radius 
main lahe with a 20-cm depth of field ctlrnpnred In the Gaussian Iranv- 
ducer of the same she with a 1.27-mm radius main lohe at a Cncus of 
12 cm and 2 . 4-ern depth of fidd. The side lobes uf thc onndiRrarling 
heam arc the same as the J. Bcssel function. The new henm forming 
method may have promise in novel imaging and tissue characteri~alion 
modes wherehy ibe effects of diffraction arc &limiwated. 

1. INTRODLICTION 

C ONVENTIONALLY. tr~nsducers w ~ t h  Gaussian 
beam shading are used in medical imaging because 

the beam patterns are smoother in both near and far fields 
[I] .  The Gaussian beam diverges dramatically after the 
Rayleigh distance because of diffraction. Dynamic focus- 
ing is used to improve lateral resolution of thc Gauss 
ian beam transducer in pulse-echo imaging. However, the 

experiments 151-[lo]. Only two have reported investiga- 
tion5 of the nondiffracting beam with acoustical waves: 
Hsu el rrl .  [I 11 who have constructed a Bessel beam ul- 
trasonic transducer and Ziolkowski PI a/. [I21 who have 
simulated an acoustic pulse wave using superposition but 
did not use the entlre array simultaneously. These studies 
were very prcliniinary. The practical embodiment of this 
device for medical imaging will have advantages and dis- 
advantages. 

In t h ~ s  paper we report on evaluations of the nondif- 
fracling J,, Bessel bcanl and suggest its appl~cation to 
medical imaging. We report results for both computer 
simulations and their experimental verification with im- 
ages of fields of the nondiff-racti transducer for both 
continuous-wave (CW) and pulse-wave (PW) excitations. 
We also report measurements of focused and unfocused 
Gaussian heams produccd by the same transducer for the 
purpose of comparisons. The etfects of heterogeneity due 
to tissue on the nondiffracting beam and on the focused 
Gaussian heam are also reported. 

From the source-free scalar wave equation 

- - 
transducer can be focused only at one point in transmil. 
The transmit beams diverge from the focal ~ o i n t  reducing one can obta~n the following nondlffracting solution 121 

L 

resolution. The use of a transmit beam that does not di- 
verge thro~ighout the region of interest would greatly irn- 
prove current medical ~maging methods. 

Dumin 121 discovered recently a nondiffracting beam 
tbat can have long depth of field. Compared to thc Gauss- 
Ian beam, the nondiffracting beam has a small center lobe 
and relatively large side lobes that travel in parallel wlth 
the center lobe. Since the nondiffracting beam was dis- 
covered, experiments for physical realization of finite ap- 
erture J ,  Bessel nondiffracting beams in optics have been 
perfonned 131, 141 by I .  Durnin el (11. Several investiga- 
tors have further developed the idea either in theory or 
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~ ( 7 ,  = e J l f I - n r l  A ( 6 )  exp [- ja(s cos I$ 

+ > I  sin 411 (16 1. 
where 

where A ( + )  is an arbitrary complex function of #. rp is 
the tntegration variable, @ is real. U (  7 .  f )  i.s sound pres- 
sure. f = (s. ?I, z )  represents the observing point, r is 
time, I\+ is angular frcquency. and c is the sound speed. 

IFA(+)  is independent of 4. one obtains the simplest 
axially symmeric nondiffracting solution which is propor- 

0885-3010/90/0900-0438$0l .OO O 1990 IEEE 
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TABLE l 
PoSrrloNs OF THE EDGES OF ANNOI.AR ELFMIWTS OF Tl1lh NUNOIFFKACTIPG A~NtlI..\u A K H A Y  TH~NSII I<-HK 

ALUNU Ran~tls 

Elcment # I 2 3 4 5 6 7 R 9 I I1 

Separation 
Posit ionrlmm) 2.M 4.39 7.20 9.81 12.4 15.0 17.6 3 22.9 25.0 

tional to C. Lotera1 Resolution 

U(?, I)  = J,,(ap) e " ~ - " " ,  (4)  The lateral resolution of the J,, Bessel nondiffracting 
beam is defined as the FWHM of the center lobe of the J,, 

where J, is the zeroth order Bessel function of the first ~~~~~l beam: 
kind and p = is the distance away from the 
center axis of the transducer. From (41, it is seen that the 3.04 

BR,, = -. 
beam pattern of the J,, Bessel nondiffracting solution is a (8 )  

independent of distance, Z, and a is a scaling parameter If a = 1.202 mm-', one obtains BR, = 2.53 mm. Sim- 
of the J,, Bessel function. This means that the J,, Bessel 

ilarly the lateral resolution of the focused Gaussian beam 
beam will travel to ~nfinity without spreading. at the focal olane is defined as the FWHM of the beam in 
B. Practical Depth of Field the focal plane, which is given by (see appendix): 

In practical applications however, only a finite aperture 
can be used to approximate the theoretical results of (4). 
In this case. themaximum nondiffracting distance of the 
J,, Bessel beam (defined by [2, Fig. 61) is, 

where a is the radius of the transducer. 
For an unfocused Gaussian beam generated by a finite 

aperture transducer, the depth of field is the Rayleigh dis- 
tance which is the distance corresponding to the last max- 
imum of the field on the center axls of the transducer. I f  
full width at half maximum (FWHM) of the Gaussian 
beam at the transducer surface is a = 25 mm. the depth 
of field is given by (see appendix) 

Gz,, = 721 mm. (6)  

This equation is valid for o2 <c a 2  and F' >> oZ. If 
FWHM = 25 mm at the transducer surface. k = 10.5 
mm-' and F = I20 mm, one obtains GRL = 2.54 mm. 

From the equations above, it is seen that the nondif- 
fracting beam can be applied to medical diagnosis with 
great potentral utility. The nondiffracting Bessel beam has 
greater slde Lobes but much grealer depth of field than the 
focused Gaussian beam. Its nondiffracting properties make 
it a potential tool for tissue characterization because the 
correction for diffraction will be negligible. 

11. DESIGN OF THE NOND~FFRACTING TRANSDUCER 
A nondiffract~ng transducer was designed by us and 

c o n s t ~ c t e d  bv Echo ultrasound' using PZT ceramic/ - 
If the Gaussian beam is focused, the depth of field polymer 1-3 composite. It is a broadband transducer 

GFz,,, is defined as the distance between the two out of (abour 50% of its center frequency), having a center fre- 

focus planes at which the beam spreads to & times the quency of 2.5 MHz and is composed of ten annular ele- 

beam width in the focal plane, so (see appendix) ments with spacing between the elements less than 0.2 
mm. The transducer is backed with low im~edance and 

GFz,, matched to water with a front matching layer. The diam- 
eter of the transducer is 50 mm. The pos~tions of edges 

F '  of the annular elements along the radius were determined 
24 ;  - I(;)? + ( : I2]  Id - s ( ~ )  ] from Table I, which was calculated from a Bessel func- 

=z tion when parameter ol in (4) was chosen as  1202.45 m-'. 
From Table I it is seen that the radius of the cehter ele- 
ment of  the nondiffracting transducer is 2 mm. The non- 
diffracting distance Bz,,, calculated from (5) is 216 mm. 

( 7 )  . . 
111. COMPUTER SIM~ILATIONS 

where o is the parameter of the Gaussian function 
@ -p2/d at the surface, F is the focal length Pressure fields were simulated by digital computer using 
of the lens. If the FWHM of the Gaussian beam at the an annular array having the same ring panmeters as the 

transducer surface is 25 mm, F = 120 mm, and k = 10.5 experinlental transducer. The Rayleigh-Sommerfeld 1131 

mm-', one obtains GFz,,: = 24.4 mm. Equation (7) is 
valid 'for oZ << a' and F- >> 0'. EchoUl~ra~ound Inc.. Lewi~town. PA 17044 
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scalar formulation of diffraction is very accurate for most 
applications. However, because there iS a double integn- - -  -- - 

*.lmni,un,,Ll'nr,"nn 

tion in this formula when calculating the radiation of the 
Bessel beam annulkr array, i t  is very time consuming. - - ' t l d  > s m ~ . . ~ ~ , a ~ .  
Therefore, in the simulations we used the Fresnel approx- 
imation [I31 to reduce the double integration to single and 
implemented it on a Sun SPARCstation 1. Differences be- 
tween tbe Rayleigh-Sommerfeld formulation and the 
Fresnel approximation were found to be negligible for 
field points greater than 3-4 cm away from the surface of 
the transducer. Because the voltage, thus pressure, was 
constant across each annular element of the transducer, a 
stepwise approximation was used for the computer simu- 
lations (for stepwise Gaussian shading, see [18]). The ac- TO Mimom Tim,,nd 

curacy of the field calculations was verified by experi- Fig. I .  Biock diagram ofexpcrinlcnrul sysremforuu~omniicaily rncasuring 

ments described in Section IV. continuous and pulsed vcousric fields of Bessel and Gaussian llocuned 

CW fields of the nondiffracting transducer on center axis and unfocusedl 

and field distributions at several distances away from 
transducer gave results similar to those previously pub- 
lished [2] and will not he repeated here. drophone was controlled by computer and synchronized 

pulse waves are very important for both medical im. to the data acquisition. The wideband detector and low 
aging and Doppler measurements. Using linear system Pass filter in Fig. 1 was replaced by an offsetting buffer 
theory I131, we calculated the radiation patterns of the for the Pulse 
experimental nondiffracting transducer using excitation l3ecause of the varying properties of each element of 

with a 2 . 5 - ~ ~ ~  pulse of ahom one and one-half periods. the transducer, the acoustic field produced by each ele- 
par comparisons, the fields for focused unfocused ment did not have exactly the desired amplitude at a given 

eavssian beam tmnsducers were also calculated, images field point even if the electrical signal on the transducer 
of the ana ly t i c  envelope of or measured pres- element had exact Bessel or  Gaussian amplitudes. To set 
sure waves were produced at various distances from the UP the appropriate fields for each annulus* computer sim- 
transducers. The simulation results, as well asexperimen- ulations were done for each annular element at distance 
tally measured results, will be shown in Section V. = 205 mm on the central axis of the transducer. This dis- 

tance was chosen to avoid rapid variation of the fields from 
IV. EXPERIMENTS the outer ring element. The calculated normalized ampli- 

A block diagram of the experimental set up is shown i n  tudes of the fi'elds at this point ( 2  = 205 mm) for both 

fig. 1 ,  ~h~ polynomial waveform synthesizer ~ ~ d ~ l  Besgl and Gaussian beams are tabulated in Table 11. 
2045 was used to generate either 200 ps 2.5 M H ~  tone The amplifiers on each annulus were adjusted individ- 
bursts or the pulses for the experiment. The signal was ually to produce the correct Pressure as n'easured by the 
amplified to drive the ten elements of the annular array. hydrophone at 205 mm on the central axis of each ring. 

changing switches in the T~~ path ~ ~ i ~ i ~ ~  circuit in This procedure corrected for variations in the ring re- 

Fig. 1, the Bessel drive of the transducer can be easily SPOnSes. 

switched to Gaussian drive. To form a focused trans- 
ducer, a plexiglas lens was attached to the surface of the V. RESULTS 

transducer. For Bessel drive, alternating polarities of the A. 
driving voltages were applied for the tensuccessive rings, Fig. 2 shows images of the computer simulated pres- 
and the amplitude of each ring was adjusted accordingly sure field of the nondiffracting transducer for an exact CW 
to make the,generated acoustic pressure equal to the m a -  J ,  Bessel drive (acoustic field profile is an exact Bessel 
imum amplitude of the respective Bessel lobes. This re- shading function at the transducer sufiace). The field was 
sulted in a stepwise approximation to the Bessel function calculated over a rectangular area 48 mm wide and 200 
since the pressure across the annuli were relatively con- mm long through the central axis of the transducer with a 
stant rather than lobe shaped like the Bessel lobes. The pixel size of 0.48 mm X 0.5 mm. Each image begin5 
effect of this approximationis described later. For Gauss- 5 mm away from the surface of the transducer. The gray 
ian drive. the ten rings were driven in the same polarity, levels of the images are linear, log compressed. -6-dB 
and the generated acoustic pressures were adjusted to clipped log compressed and - 12-dB clipped log com- 
match a stepwise approximation of the Gaussian function. pressed, respectively, as marked. The field is virtually dif- 
The signals were received by a 0.5-mm diameter NTR fraction free for almost 20 cm. 
System hydrophone (Model NP-1000). digitized (at 40 Fig. 3(a) shows the computer simulated pressure field 
MHz sampling rate) and transferred to a SUN workstation of the nondiffracting transducer for CW with stepped Bes- 
for image formation and processing. Movement of the hy- sel shading on the annuli. Panel (b) shows the pressures 
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TABLE U 
D M  AXIS RELATIME AU?U)PRI:SIL!UES AT205 mm IFOR STEP DRLV~BESSBL ANn GAII.Fs~AxBE~MS 

Clement iY I 2 3 4 5. 6 7 8 9 10 

Bessel Beam 1.00 1.75 2.31 2.70 2.99 3.18 3.28 3.32 3.28 3.02 
GaussianBcam 1.00 4.13 6.59 7.85 7.91 7.01 5.58 4.03 2.66 1.61 

Fig. 2. Conlinuour wave computcr sirnolatior for cs.~cr Brsscl hcam nnn- Fig. 4. Grntinuo,ls ivilvu canlpolcr sirnulalicmr for erilcl I U c s ~ e d  Gaussian 
diffwling iclnrducer. Four iningcs in figc~re arc snmc licld mognirude heam wnrduce r .  t.'oc;tl lrngll, is 120 mm. Displays arc in iomlrrt of Pig. 
displayed in cnvelopc (lincurl, log compressed. b dB clipped log com- 2. 41'1 imapcb begin 10 mrn away imm lrmsducer, and pixel sier is 0.48 
pressed. and - 12 dB clipped log con~p~.cssed, respccli\.cly. All imagcs mm X 0.5 nlm. 
begin 5 mm away from tnnsducer and pixel sizc is 0.48 mm X 0.5 nim. 

expenmentally measured using the system of Fig. 1. The 
effect of a step approximation of the Bessel beam is clearly 
predicted by the simulation. 

Figs. 4 and 5 are images of computed and experimen- 
tally measured fields of the ten element annular array 
transducer for a CW focused Gaussian drive in the same 
format as Figs. 2 and 3. respectively. The focal length is 
120 mm and the field dimensions are 195 mm (tong) by 
48 mm (wide). Each image begins 10 mm away from the 
surface of the transducer. The step approximation also 
makes a difference in this case. 

B. Pulse-Wave Studies 

(41  Pies. 6-8 illustrate simulated (with a pulse wave (PW) - 
and exact shading (a) and step shading'(b)) and expen- 
mentally measured (with a pulse wave and step shading 
(c)) images of -6-dB clipped log compressed pulse fields 
generated by nondiffracting (Fig. 6). focused Gaussian 
(Fig. 7) and unfocused Gaussian beam (Pig. 8) trans- 
ducers. Each panel includes images at four distances (z  
= 50 mm, 100 mm, 150 mm, and 216 mm) away from 
the surface of the transducers (except Fig. 7 for the case 
of the focused Gaussian beam whose distances were set 
to z = 50 mm, 120 mm, 150 mm, and 216 mm). The 
electrical pulse used to excite the transducers for both 
simulations and experiments was of the form 

-,l/,2 . 
,f ( t )  = e sm (2?rf,t), (10) 

Fig. 3. Continuous-wavc computer simulo[ion (a)  and expcrimenral mea- 
surements Ib) for a step Bessel approximation o l  no11dilTracring lrans- wheref;, = 2.5 MHz and !, = 0.4 ps. The sound speed 
ducer.  oma at issamc as in Pig. 2. was assumed to be c = 1.5 mm//hs. The width of the 
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Fi8. 5.  Continuous wave cnmputer sirnulalirm 1%) and experiment Ibl ibr 
step drive locumd Gaussian bean, tmnrducer. Psuh panel camsponds to 
that in Pig. 4. 

images was 50 mm (201 points) and length was 10.24 ~s 
(256 points). The focal length of the focused Gaussian 
beam transducer was 120 mm and the FWHM (full width 
at half maximum) of the focused and unfocused shading 
of the Gauss~an beam at the face of the transducer was 25 
mm, which was the radms of the transducer. These results 
illustrate that for pulses little error is introduced by ap- 
proximating the Bessel function shading with positive and 
neeative steos of maenitude eaual to the oeak of resoec- - - 
tive lobes of the Bessel function. The Gaussian function 
can be approximated with a stepwise function as well. 
This greatly relieves constraints on transducer design. 

C. Phase Aberration by Tissue 
To study the phase aberrations of the nondiffracting 

btam by soft biological tissue, a 10-mm layer excised heef 
tissue (muscle plus fat) was placed in front of the trans- 
ducer. The results me. shown in Figs. 9(a) (CW case) and 
(b) (PW case). Figs. 10(a) (CW case) and (b) (PW case) 
are the results of Lhe effects of the same heef tissue on the 
focused Gaussian beam transducer. It is seen that the bio- 
logical tissue has about the same effects on both the non- 
diffracting and the focused Gaussian beams. 

Fis. 6. Pulse wave computer sin~ulntions (with an exact drive (3) and step 
drive (b)land exprrimenlal measurements (with a step drive(c1) for Bes- 
sel beam nondilfrsctina transducer l m ~ e s  are measured at four dix- 
tnnces: ; = 50 mm, 100mrn. 150 mm. and 216 mm. mspt iue ly ,  and 
pixels within -6 dB of the Eeld maximum are lbgeompressed and dis- 
played. The pixel size is 0.06 mm x 0.25 mm. 

VI. CONCLUSION 
A. S~mrmnnl 

A ten-element nondiffracting an nu la^ array was fabri- 
cated using PZT ceraniic/polymer 1-3 composite. The 
fields of this array for CW and pulsed drive were obtained 
by bofh computer simulations and experimenfs. Very large 
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I C i  (C 1 

fig. 7. 'Pulse-wave computer sirnulalions (wilb cxazl drivc l a )  nnd slcp Fig. 8 .  P ~ l 6 c w u v c  computersirnolalions lwilh sn exsn drivc la) and srcp 
drivc Lh)) and experimental meilsurmments lwilh step drive lcl) for i'rr- drive Ihll md experimenlrl measurcmcnm iwirh n step drive (cl) 101.on- 
cused Gaussian bcanl transducer. Focal length is 120 mm. Images are fi,cused Craursian b u m  trdnsdeuer. Imi~ges arc mea.uured rl lixlr d i a -  
mcafiured ill Four dislanccsz = 511 mm. 120mm. 150 mm. ilnd 21b mm, lances z = 50 mtn. 1 0  mm. 150 mm. and 216 nltn. respcclirelv. and 
respectively. and pixels within 6 dB of the ficld maxinlum are log com- pixcls within -6 dB of lhe f idd  muxiinurn are lox cumprcssed and <[is. 
pressed and displayed. The pixcl size is 0.06 rnm x 0.25 mm. played. Pixel size is 0.06 mrn x 0.25 mm. 

depth of field (>200 mm with a tnnsducer radius of 25 diffracting beam was also compared to conventional fo- 
mm) was observed with the radius of the center lobe of cused and unfoouscd Gaussian beams. The effects of bio- 
the nond~ffracting Bessel beam equal to about 1.27 mm logical tissue on both the nondiffracting and thc 
thmughout the depth of field. Good agreement between conventional focused Gaussian beams were also tested and 

the simulations and experiments was obtained. The non- found lo be ahout equal. 
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l b l  

Fig. 9. Effects of 10-mm beef tissue (moscleplus fall on continuous field 
In1 md pulse ticld (b) of stcp drive Bessel beam nondiRracring trans- 
tluuer. The beef is placed in frout of the Lransducer. Thc images io (a) 
md Or1 ;ire nieadured and displayed Using thc same parameters i s  thoae 
in  Fius. 3 and 6, respectively (because ofthe beef, the images in (a) s m  
25 illmaway rmm the transducerand the size of the field is 180 mm x 
48 mm. inaead of 200 mm x 48 mm). 

Fig. 10. The effects of 10-mm bed' tissue (muscle plus kit) on conthuaus 
field (a) and pulse field (b) 01 srep drive focused Gaussian k ~ m  lrans- 
docor. Bcol' is placed in front o l  transdueel.. Images in la) and ib) are 
measured and displayed using ssme pardmetem as aose  in Figs. 5 and 
7, respectively (for placing heel'. images in (a) stan 25 mnt uwsy fmn 
transducer. :<nd the size of field is 180 mm X 48 mm. instead of 195 mm 
x4Rmml. 

Although the diameter of the Gaussian beam at the fo- 
cus was smaller, the diameter of the beams before and 
after the focus were very broad compared to the nondif- 
tracting beam. 

B. Discussion 

Hsu et aL [ l  I ]  constructed a three-ring, narrow band 
solid PZT J.  Bessel nondiffracting transducer using a non- 
uniform poling technique. With this transducer, they gen- 
erated mugh CW nondiffracting fields. They did not study 
further the properties of this transducer in pulse mode re- 
quired for medical imaging. In 1989, Ziolkowsh et al. 
[I21 simulated nondiffractlng pulsed acoustic waves using 
a linear array and a square array. However, they gener- 
ated the pulse waves using superposition of the contribu- 
tion of each element of the transducer array (each element 
was excited by a complex time funclion) and did not use 
the entire array s~multaneously. Also. they did not apply 

their method to medical imaging. In  fhts paper, we have 
designed a broadband J,  Bessel nondihcnng mausducer 
fabricated by Echo Ultrasound using PZT ceramiclpoly- 
mer 1-3 composite. Because the J,  Bessel pmfile is sym- 
metric and the amplitudes of the lobes can be appmxi- 
mated with step functions (see Section N in this paper), 
it is easily constructed. With this nondiffracting annular 
array transducer, we have successfully generated both CW 
and pulsed waves that were not greatly distorted by the 
phase aberrating effects of biological tissue. The advan- 
tages of composites (high electron~echanical coupling 
coefficient. low crosstalk between elements of array. low 
acouslical impedance and broad bandwidth [141) allow 
this nondiffracting transducer to be applied immediately 
to med~cal imaging. 

Because of the long depth of field (>ZOO mm), the J ,  
Bessel nondiffracting transducer could be used to replace 
the multlple transmits required in conventional B-scanners 
that reduce the imaging frame rate~esulting in blurred im- 
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ages of moving objects. The small slze of the center lobe 
of the J,, Bessel nondiffracting transducer may make it 
poss~ble to eliminate dynamic focusing in the receive 
mode in commercial imaging instruments, simplifying the 
designs of these instruments. J,, Bessel nondiffracting 
transducers could also be used in transmission imaging, 
such as transmission ultrasonic tomography with the ex- 
pectation of obtaining higher imaging quality over the 
conventional Gaussian beam transducer which must be fo- 
cused at a fixed distance. Another potential application of 
the J, Bessel nondiffracting transducer would be tissue 
characterization which requires correction for diffraction 
for the estimation of tissue attenuation or B / A  (nonlinear 
parameter) [I 51-[17]. 

The J,> Bessel function determines the amplitude of the 
side lobes of the nondiffracting beam. These side lobes 
could be reduced in the pulse echo mode if a J,, Bessel 
nondiffracting receiver is used because the tranamit and 
receive beams are multiplied with one another. In pulse- 
echo imaging, dynamic focusing in recelvlng could also 
be considered to further suppress the side lobes. From (5). 
it is seen that the size of the transducer, n. the maximum 
nondiffracting distance, Bz,,,. and a which determines 
the width of the center lobe of the Bessel beam, trade off 
with each other. If Bz,,,,, IS fixed, to reduce the size of the 
center lobe of the J ,  Bessel beam (a increase), the size 
of the transducer, a, should be increased. Similarly, if a 
is fixed, Bz,,,, will reduce when the size of the center lobe 
of the beam decreases. These tradeoffs are similar to those 
of the Gaussian transducer in which depth of field and 
resolution are related. Effective use of the nondiffracting 
transducer in medical imaging will require complete un- 
derstanding of the effects of these tradeoffs on resolution. 
speckle, and contrast. 

APPENDIX 
DERIVATION OF LATERAL RESOLIITION AND DEPTH OF 

FIELD OF FOCUSED AND UNFOCUSED GAUSSIAN 
BEAM TRANSDUCER 

From the Fresnel approximation 1131. one obtains the 
field of a transducer shaded by a circularly symmetric 
function A (  p): 

exp [jkp2/(2=)]p d ~ ,  (11) 

where P, = (x,. z) is an observation point, p = 
is the distance away from the center axis of the 

transducer. J, is the zeroth-order Bessel function of the 
first kind, k = 2n/h is wave number and h is wavelength. 

Let A(p )  be the shading of focused Gaussian trans- 
ducer, i.e.. 

, I  
0 

0 200 400 60e 800 $000 lZUP 

i m m )  
Fig. I I .  Field of unfoi.uscd hcam lrenslluccr o n  ccnler axis. 

where F is the focal length of the lens and o is [he I / e  
radius of the Gaussian beam on the transducer surface. 

A. Field of Unjiocused Transdrtcer on Ci,nter Avis 
For an unfocused transducer, the shading is of the form 

For the field on center axis (.r, = 0) .  (I I) can be inte- 
grated 

. J ,  + e'"l/"d - 2p"!!"l cos ko2/2; .  (14) 

Equation (14) is plotted in Fig. I1  where o = 15 mm 
(FWHM = 25 mm), a = 25 mm, and k = 10.5 mm-I. 

B. Deprh ($'Field of Urfonrsed Ga[issinrr Bcarn 
Trunsdrrccr 

If we define the depth of field of an unfocused Gaussian 
beam transducer as Gz,,, that corresponds to the la51 max- 
imum of the field on the center axis, from Fig. 11, it is 
seen that 

Gz,, - 72 1 mm. (15) 

This is (6) in the paper. 
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C. I.alcml Resolutiotz of Focrrsed Gaussian Beuni crt 
FIICCII Plurre 

Substitute (12) i n t o  ( I  I ) ,  we have 

kzc,~\m- 
exp [ -p ' /a2  L1( P") = , j ( x ;  + Z') 

- j k ( w  - F ) ]  J,3 ( - &) 
exp [ jkp2/(2  m ) ] p  dp. ( 16) 

lf F' >> a', one has 

4- - F = p ' / 2 ~  ( 1 7 )  

and if o' << u', the upper limit o f  t h e  integration in (15) 
van be approximated by m. Using 

1 13/4P lom rc-p''J,)(£x) dx  = - e -  , 
2P (18) 

where P and { are p a r d m e t e r s  which are independent of 
r. ( 1 6 )  can be written as 

The lateml r e s o l u t i o n  of t h e  focused Gaussian bcam 
t r a n s d u c e r  can be defined as t h e  FWHM of the t r a n r v e r s e  

profile of the beam at d i s t a n c e  i ,  and it can be o b t a i n e d  

planes in w h i c h  the beam spreads to &times t h e  beam 
width in the focal plane. from ( Z O ) ,  the depth of field can 
be o b t a i n e d  

GF~n,ex 

( 2 2 )  
which is (7)  in the paper. 
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